Introduction
The region along the southern flank of the Black Hills uplift is characterized by notably high geothermal gradients, frequently exceeding 40°C/km and attaining a maximum value of 84°C/km. Moreover, unusually warm springs are not uncommon. Near the town of Hot Springs, South Dakota, ground water surfaces at a temperature of about 22°C higher than the mean annual temperature.
Because the average worldwide geothermal gradient is approximately 29°C/km (Schuster, 1973) and because warm springs are present, this region is considered to have a potential geothermal resource that could be utilized, for example, in space and agriculture heating.
On the other hand, the Black Hills, a classical example of an elongated domal uplift, exhibits relatively low geothermal gradients. Hydrological and geothermal data (Head and others, 1978; Schoon and McGregor, 1974) indicate that the Black Hills function as a cool water source for aquifers trending outward to the east and west. One would then anticipate that the regions flanking the Black Hills are also characterized by low geothermal gradients. This is indeed observed except for the region south of the Black Hills. The contradictory nature of these observations presents an interesting geological problem: delineating the sources of hot waters existing in southwestern South
Dakota.
The possible causes of high geothermal gradients in this region include the presence of partially cooled magma at shallow depths, high heat production from radiogenic sources, transport of heat and fluids from depth in a cyclic system, and exothermic reactions produced by chemical weathering. It is the purpose of this study to determine the sources that are responsible for producing geothermal anomalies observed within the southern Black Hills region. Discussions primarily pertain to lithologic and structural boundaries residing in the upper crust and their relationship to the geothermal system.
The principal means of investigation are a regional gravity survey supplemented by a regional aeromagnetic survey. This geothermal study was supported by the Department of Energy through an interagency agreement (no.
ET-78-I-01-3278) with the U.S. Geological Survey.
Geophysical Data
The complete Bouguer gravity map ( fig. 1 ) was compiled from a data set comprised of 5326 gravity stations. This map together with station locations have been previously published at a scale of 1:250,000 (Hildenbrand and Kucks, 1981a ). Gravity coverage is fairly uniform with the average spacing of about 
Contour
For stations with known principal facts, Bouguer values were computed 3 employing a reduction density of 2.45 g per cm and the 1967 gravity formula (International Association of Geodesy, 1967) . Terrain corrections were made for the region extending radially from 0.895 km to 167 km for each gravity station. The reader is referred to the publication by Hildenbrand and Kucks (1981a) for additional details regarding the data reduction process.
Basically all gravity data were terrain corrected and converted or reduced to the new Geodetic Reference System 1967. o The selected Bouguer reduction density of 2.45 g per cm represents the typical density of sedimentary rocks that cover about two-thirds of the study area (table 1) .
These low-density sedimentary units include Jurassic and
Cretaceous rocks, mainly shales and sandstones. Precambrian crystalline rocks, lower and middle Paleozoic sedimentary rocks (chiefly carbonates), and uppermost Paleozoic and Triassic shales and sandstones are described by higher o densities, probably ranging from 2.65 to 3.2 g per cm .
Because their densities are much larger than the reduction density, calculated Bouguer gravity values will be erroneously high over regions where these dense rocks are exposed or lie near the surface. The areas associated with high geothermal gradients are, however, blanketed by the low-density sedimentary 3 rocks; and thus the selected reduction density (2.45 g per cm ) is suitable for the present study.
The map of the residual aeromagnetic field ( fig. 2 ) was compiled by merging digital data acquired from three separate surveys (Hildenbrand and Kucks, 1981b) . The aeromagnetic data were either collected at or adjusted to an elevation of 152 m (500 ft) above terrain. Flight direction was east-west for all three surveys. The residual aeromagnetic fields were determined by removing the International Geomagnetic Reference Field (1965 and 1975) or the GSFC1266 field, after updating to the epoch in which the surveys were flown. Contour interval is 50 gammas.
General Geology
The Black Hills uplift is considered the easternmost and least deformed of the Laramide uplifts associated with Rocky Mountain tectonism (Lisenbee, 1978 Discussions pertaining to lithologies and structures relevant to the present geophysical study are given below, although the reader is referred to Redden (1975) , Kleinkopf and Redden (1975) , Darton and O'Harra (1925) , Gott and others (1974) , and Lisenbee (1975 Lisenbee ( , 1978 for more detailed discussions.
Sedimentary Units
Phanerozoic sedimentary rocks of the study area have been divided into two basic divisions to best portray density contrasts. These are ( Kleinkopf and Redden (1975) and Gott and others (1974) . were deposited between 1.7 and 2.5 b.y. (Redden, 1975) .
Structures
The Black Hills uplift consists of two nearly flat-topped blocks separated by the Fanny Peak monocline, a north-trending fold lying approximately along the Wyoming-South Dakota border (Noble, 1952) . The southeastern block, which lies within the area of interest, trends northward and topographically rises above the other block, exposing a core of Precambrian rocks. Complex Precambrian structures and lithologies are present because two metamorphic events and possibly six different episodes of deformation occurred (Redden, 1975) . According to Redden (1968) , three major periods of deformation resulted in the (1) formation of north-northwesttrending folds and parallel faults, (2) shear deformation along northwest trends forming nearly vertical foliation in the metamorphosed rocks, and (3) intrusion of granite and pegmatite masses that domed the rocks. Regions of doming include the Harney Peak and Bear Mountain area ( fig. 3 ).
During the Mesozoic Era and Laramide orogeny, the Black Hills experienced deformation along northeast trends, paralleling structures of Precambrian age (Gott and others, 1974 Three relatively large folds, the Dudley, Cascade, and Chilson anticlines, are present at the south end of the Black Hills uplift and plunge southward away from the uplift. These anticlines probably formed by an eastward compressive stress acting during Laramide time (Gott and others, 1974) . They are strongly asymmetric, having a gently dipping southeastern flank and generally an associated syncline located about 1.6 km west of their crest. The Cascade anticline, the largest fold, has an amplitude of 400 m.
Its steep western flank has a maximum dip of 70° SW, although an average dip of 5 SE is found on its eastern flank. The Cottonwood Creek anticline in western Fall River County is structurally different than these three folds in that it appears symmetrical and plunges to the southwest (Lisenbee, 1978) .
To the west in Wyoming, the north-northeast-trending Fanny Peak monocline and the northwest-trending Black Hills monocline form a structural boundary between the Black Hills uplift and the Powder River Basin. Associated relief between the basin and uplift ranges from 600 to 1670 m (Lisenbee, 1978) . In contrast, broad monoclinal flexures mark the eastern limit of the uplift. A broad (32 km) zone containing gently dipping beds separates the uplift and the Interior Lowlands province to the east (Lisenbee, 1978) . 
Exposed Precambrian units
Analyses of geophysical data of exposed Precambrian rocks allow insight as to the type of probable basement lithologies producing effects on the magnetic and gravity fields within the study area.
Exposures of the amphibolite and metagabbro unit (unit G) and the iron-formation (unit F) correlate well with significant gravity and magnetic highs. This is compatible with earlier interpretations made by Kleinkopf and Redden (1975) .
An excellent example of this correlation occurs along an elongate magnetic and gravity high (figs. 1, 2, 5, and 6) trending northwest and coinciding with outcrops of units G and F at the northeastern edge of the exposed Precambrian region ( fig. 1 and 11) . Amphibolites (unit G) and iron-formation (unit F) near lat 44°05' N. and long 103°42' W. also generate geophysical highs. The narrow outcrop of iron-formation extending from Pringle to Ouster ( fig. 3) correlates with a prominent magnetic high ( fig. 2 and 5 ).
The western edge of exposed Precambrian rocks is coincident with the axis of a broad gravity high, which Gott and others (1974) Geophysical lows generally overlie exposed granites, schists, phyllites, and quartzites that have low to moderate magnetic and density properties (Kleinkopf and Redden, 1975) . The Harney Peak Granite is reflected by nondescriptive and low-intensity magnetic anomalies and a low gravity Well data indicate that Precambrian basement within Fall River County primarily consists of gneiss and schist (Steece, 1975) . Although these rock types characteristically have low to moderate density and magnetic properties in this region, the magnetic-anomaly maps (figs. 2 and 5) reveal several prominent highs with amplitudes indicative of more basic sources at depth.
This interpretation is further supported by corresponding gravity highs. The implied offset along the fault lends support to the interpretations made by Kleinkopf and Redden (1975) . Hills uplift in Wyoming, gradients are characteristically low and probably reflect the regional flow system, in which surface runoff from the Black Hills region migrates westward through aquifers into the Powder River Basin (Head and others, 1978) .
Amphibolites and metagabbros (unit G) or the iron-formation (unit F
Although geotherraal gradient data aid in delineating thermal discharge areas and in describing the nature of the geothermal system, they supply little information pertaining to the temperature of the geothermal reservoir at depth. Temperatures measured in shallow wells may not be indicative of the temperatures at which ground water last interacted with rock. For example, deep circulating waters migrating near molten rock may be substantially cooled in their ascent to near-surface regions. Geothermal reservoir temperatures or the temperatures at which water has last reacted with rock can, however, be estimated utilizing an empirical method (Fournier and Potter, 1978) figure 14 have been calculated using the Na-K-Ca-Mg geothermometer.
Chemical compositions of natural waters were taken from the water quality data bank, maintained by the National Water Data Exchange, U.S. Geological Survey.
Geothermometers based upon water chemistry are adversely affected by mixing of ascending geothermal waters with local meteoric waters and by additional water-rock reactions possibly occurring during the ascent. Because the degree that these adverse effects have influenced the geothermometer measurements cannot be determined, the temperatures in figure 14 must be regarded as rough estimates of the geothermal reservoir temperature.
Temperatures range from 14° to 125°C and have a mean value of 64°C ± 30°C.
Sources of Geothermal Waters
Although thermal gradients ( fig. 13 ) frequently exceed 50°C/km along the southern flank of the Black Hills, geothermal investigations by Adolphson and Le Roux (1968) and Schoon and McGregor (1974) HFU.
The number of heat flow measurements used to define this region is, however, rather small. Moreover, recent studies by Blackwell and others (1981) indicate that some of these measurements made within shale units may be 50-60% too high. It is, therefore, difficult to ascertain from the available data whether the Black Hills uplift can be considered a localized high heat flow area, or lies within a much broader region typified by high heat flow.
In any case, the heat sources underlying the Black Hills are conceivably similar to those discussed in the literature for nearby high heat flow regions. Lachenbruch and Sass (1977) The geothermal resource of southwestern South Dakota, particularly east of Hot Springs, may eventually become utilized for space and agriculture heating or for the production of electrical power. Future utilization of the geothermal resource will probably involve additional exploration that will be concerned with the drilling of deep wells and the acquisition of chemical and isotope data. Although the additional information will certainly refine and modify the geophysical and geothermal interpretations presented here, this study will hopefully aid in the future development of the hydrothermal system in southwestern South Dakota.
